Ultraviolet-visible (UV-vis) and fluorescence spectroscopy have been used to characterize the polyelectrolyte complexes (PECs) formed when potassium indigo tetrasulfonate (ITS) interacts with poly diallydimethylammonium chloride (PDADMAC) through columbic attraction in the presence of the reducing agent sodium bisulfite, NaHSO 3 . The PDADMAC facilitates both the reduction of the ITS and the stabilization of the reduced state of the ITS in an atmospheric oxygen environment. Dilutions of the dye solution show that the PEC is stable to dilutions of at least 1 to 1000. UV-vis studies indicate that the reduced ITS (ITS red ) forms what is likely a J-aggregate in the presence of PDADMAC with an absorbance band red shifted from the normal absorbance band of reduced ITS by roughly 130 nm, 390 nm to 520 nm. Excitation of the PEC solution at either 390 nm or 520 nm produces an emission spectrum of the aggregated complex with an emission maximum near 534 nm. Monomer emission at 480 nm of ITS red represents only 3.0 ± 0.5% of the emission signal of the aggregated complex. Kinetic studies using fluorescence spectroscopy over a temperature range of 30 to 70°C and dilutions of dye solutions ranging from 1:10 to 1:1000 yield data for the oxidation of ITS red that is best fit by a first order rate constant. Kinetic data displays two distinctive regimes, a short time rate and a long time rate. These two distinct kinetic regimes are likely due to the reduced ITS interacting with an outer PEC environment and an inner PEC environment. First order rate constants could be used to estimate Δ ‡ H and Δ ‡ S of the oxidation reaction. Fluorescence data was used to calculate the partitioning of reduced ITS molecules between the outer and inner PEC environments. Partitioning from the inner to outer PEC environment was found to be entropically driven. Addition of NaCl to the diluted dye solutions could alter the kinetics of the oxidation but the significance of the effect depended on the initial dye solution preparation.
Introduction
Developing chemistries that can stabilize molecules in redox states that are not normally stable under atmospheric conditions has significant application for the indicator chemistry field [1, 2, 3] . Molecules whose color change can be controlled by redox or acid/base chemistry are particularly useful for packaging applications in the food and biomedical industries [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] . While many indicators are engineered to change color rapidly, there are applications for stabilization of the redox active species for long periods of time so that the color change is more gradual [1, 2] . Such applications include visual indicators on personal care consumer products that are meant to be used within a few hours of being exposed to atmospheric conditions and then disposed of or re-sterilized. This type of application requires a color change that is gradual enough to allow the device to be used within the appropriate time frame but shows a distinct color change once that time frame has expired.
Polyelectrolytes have been used in multiple applications including printing, coatings, water purification, and secondary oil recovery [20, 21, 22, 23, 24] . Polyelectrolytes have been used as protective coatings to prevent chemical degradation of underlying materials [25, 26] , however, the use of polyelectrolyte chemistry to stabilize the redox states of molecules under environmental conditions that do not favor the oxidation state is quite novel. Polyelectrolytes have also been used to form colloidal structures that have cavities that act as so called "nanoreactors" that can catalyze chemical and biochemical reactions by concentrating the reactants in small volumes [27, 28, 29, 30] . To our knowledge, however, synthesis and stabilization of a reactive product in a nanoreactor type environment has not been reported.
Numerous studies have explored encapsulation of dye molecules by polyelectrolytes as model systems for waste removal and using the dye molecules to control macromolecular structures that have potential use in photo catalysis and solar energy applications [21, 23, 31, 32, 33, 34, 35, 36] . Some of these studies have employed polyelectrolyte/surfactant complexes created by oppositely charged polyelectrolytes and surfactants to encapsulate dye molecules in solution that are the same charge as the polyelectrolyte [37, 38] . More recently coacervate solutions have been shown to effectively sequester dye species [39] . These studies also indicate that the polyelectrolyte complex can be disrupted by changes in pH, ionic strength, and temperature. While the type of macromolecular complex may differ in these studies the common result is that under the correct conditions polyelectrolytes can form stable complexes in aqueous solutions that effectively sequester numerous types of dye molecules.
turned from blue to yellow within 10 to 15 s. For dye solution 2, 1.3 g of the PDADMAC solution was used and for dye solution 3, 4.0 g of the PDADMAC solution was used. For dye solution 4 0.21 g of NaHSO 3 was used and for dye solution 5 0.64 g of NaHSO 3 was used. The mole ratios for ITS, PDADMAC monomer units, and NaHSO 3 for all dye solutions are summarized in Table 1 . All dye solutions were stored in a glove box under argon and covered in Al foil when not in use. For experiments with increased ionic strength, NaCl (99.99%) was added to dilutions of dye solutions 3 and 5 so that the total NaCl concentration was 500 mM.
Ultraviolet-visible (UV-vis) spectrometry was used to characterize the absorbance spectrum for the various dye samples. A Hewlett-Packard 8453 UV-vis instrument and a quartz cuvette with a 1 cm path length were used. Fluorescence spectroscopy was used to measure the rate of the oxidation reaction occurring in the dye solutions. The instrument used was a Horiba FlouoroMax-4. The excitation wavelength was set to 520 nm, with emission readings taken in the range of 525-700 nm. The slit width was set to 1 nm for both excitation and emissions. Short time scans were taken over a period of 6.5 min with a time resolution of 28 s, and long time scans were taken over a period of 3.4 h with a time resolution of 208 s. The linear range of the instrument was found to be from 500 to 3,100,000 counts per second (CPS). If scans were taken that exceeded that range, a neutral density filter was added in order to reduce the CPS to the linear range of the instrument.
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Fluorescent studies were conducted at the following temperatures: 30°C, 40°C, 50°C
, 60°C, and 70°C. A VWR Scientific 1136 water circulator was used to ensure that the temperature was constant for the length of the experiment, with a variation of ± 0.1°C. The partial pressure of oxygen in all studies was 0.20 ± .01 atm.
Solution pH measurements of the 1:10 dilutions of each ink system were taken with a sympHony SP70 P pH meter. A three point calibration was conducted with buffer solutions of pH 4.00, 7.00, and 10.00. The pH measurements for 1:10 dilutions of dye solutions 1 to 5 are 3.34, 3.42, 4.06, 3.10, and 3.23 respectively.
The pH of 1 to 100 and 1 to 1000 dilutions of the dye solutions yields a pH in the 5.0 to 6.0 range.
Dissolved oxygen (DO) readings were taken using a YSI 550A DO meter. The calibration was set to an altitude of 1600 feet and a solution salinity of 0.0 mg/L.
Experiments were done in the 1:10, 1:100, and 1:1000 dilutions of dye solution 1 in the absence of the indicator molecule, ITS. The first DO reading for each trial was taken after bubbling the solution with argon gas and subsequent measurements were taken after the minimum DO concentration was determined. DO readings for the 1:10 dilution were recorded every 208 s for approximately 3.4 h, or 60 cycles, in order to get a similar time resolution to that of the fluorescent decay readings taken on the fluorimeter. For all other dilutions only the initial (t = 0 s) and final (t = 3.4 h) DO concentrations were recorded. Even with the presence of NaHSO 3 and argon purging, all solutions registered measurable levels of dissolved oxygen shown in Table 2 . All solutions have significantly less DO than control solutions, 6.25 to 6.50 mg/L. 
Results and discussion
All dye solutions were a simplification of the ink formulations given in reference 1 where ethanol and 2-hydroycellulose are added as an aid in the drying of the ink and as a rheological modifier respectively. This formulation was chosen as the stock solution for the dye solutions so that the resulting kinetic information can be related back to chemistries that occur in the ink type solutions.
Even when left open to atmospheric concentrations of oxygen for several weeks these dye solutions show very limited oxidation of the ITS. Due to the slow nature of the oxidation of the ITS red in the stock dye solutions and the desire to understand the stability of the PEC in diluted solutions, all kinetic studies were carried out on diluted dye solutions with dilutions ranging from 1:10 to 1:1000. These dilutions provide a more reasonable time scale for studying the kinetics of the ITS oxidation. Fig. 2 shows the UV-vis adsorption spectra of dye solution 1 before and after the addition of sodium bisulfite. The absorbance band in Fig. 2a at 590 nm is the absorbance of the oxidized ITS and agrees with the literature [5, 41] . Fig. 2b shows strong adsorption by the reduced ITS (ITS red ) around 390 nm in agreement with the literature and a band with a λ max at 520 nm that has not been reported in the literature. The absorption band at 520 nm is attributed to the formation of a Jaggregate type structure (see discussion below). Dye solutions made without the addition of PDADMAC do show that 20% of the ITS can be reduced with addition of bisulfite but the reduced ITS is not stabilized in these dye solutions. This is illustrated in Fig. 3 showing the UV-vis spectra of diluted dye solution 1 after exposure to the atmosphere for approximately 10 min with and without PDADMAC added. Fig. 3 clearly shows that the ITS is completely reduced with the addition of PDADMAC and that the ITS red is stabilized by the presence of PDADMAC as no absorption bands for the ITS red are seen in the spectrum with no PDADMAC added. Experiments titrating bisulfite into dye solutions show that the PDADMAC produces complete reduction of the ITS at bisulfite concentrations ∼80 times lower than without the presence of PDADMAC. Additionally, dye solutions with PDADMAC present show very slow oxidation kinetics of ITS under atmospheric conditions, on the order of weeks, compared to solutions with no PDADMAC present. Presence of PDADMAC is also critical to controlling the rate of oxidation of ink films that turn from the reduced yellow color to an oxidized blue color [1, 2] . The PDADMAC therefore plays a significant role in reducing and stabilizing the ITS red . Fig. 4 shows that fluorescence excitation at 390 nm and 520 nm of the reduced ITS dye solutions produce very similar fluorescence spectra with an emission maximum near 534 nm. Emission maximum for ITS red has been reported at 485 nm with a 385 nm excitation [5] . Emission maximum of the ITS red observed at 534 nm represents a ∼ 0.23 eV red shift of the emission. The fluorescence signal at 534
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nm is present at dilutions of the dye solution of 1:1000 at long times after the solution has been exposed to oxygen, see Fig. 4c (the small band at 450 nm in Fig. 4c is due to water Raman). This data clearly shows that the addition of PDADMAC red shifts the emission spectra of the ITS red relative to environments with no ITS present. Dyes that complex with macromolecules are known to form so called J-aggregates that show large shifts in the absorption and fluorescence spectra of the dye and can increase in the fluorescence intensity [31, 32, 33, 34, 40] . Dye molecules similar to ITS have been shown to interact strongly with polyelectrolytes and have shown a reduction in the fluorescence intensity of bands due to monomers and an increase in excimer bands as the PDADMAC concentration is increased [42] . Aggregation of the dye molecules within the PEC causes π-π interactions between adjacent dye molecules that leads to a delocalization of the electrons within the dyes conjugated system that leads to a lower energy absorption band [31, 32, 33, 34, 40] . Given the strong red shift, ∼0.8
eV, relative to the 390 nm monomer absorption band, both the absorption band centered at 520 nm and the corresponding fluorescence band at 535 nm are assigned to an aggregated structure of the reduced ITS within the PDADMAC. Experiments in this study utilized the excitation at 520 nm since this band is sensitive solely to the aggregated structure and only probes the aggregated ITS red within the PEC. The monomer fluorescence is not significant in these samples, 3.0 ± 0.5% of the aggregate ITS red emission, indicating that a significant majority of ITS red is interacting with the PDADMAC in an aggregated complex. The absorption of photons at 390 nm indicates that some fraction of the ITS red molecules undergo an adsorption process at the monomer adsorption λ max but the excited state emission is primarily as the aggregate indicating that ITS red molecules that undergo adsorption at 390 nm are interacting in an aggregated structure associated with the PEC. It could be argued that monomer ITS red molecules are adsorbing the radiation and emitting photons that are re-adsorbed by aggregated ITS red molecules. Given efficiency of the emission seen at 534 nm relative to 480 nm emission for adsorption at 390 nm the mechanism of re-adsorption would still require any monomer molecules to surrounded by the aggregated species. Nearly all data follows this trend for all dye solutions, dilutions, and temperatures used in this study. The exception is the 1 to 10 dilutions of the dye solutions at 30
and 40°C that display an increase in the fluorescence output during the long time studies (see later discussion). The data presented in Fig. 4 indicates that all detectable emission for excitation of ITS red at 520 nm probes only the aggregated complex and therefore the decrease in the reduced form of the ITS is due to oxidation of the ITS molecules in the aggregated complex. The two distinct kinetic regions indicate that two distinct environments exist for the ITS molecules interacting with the PDADMAC. These environments will be referred to as an outer PEC environment that is described by the shorter time kinetic component and an inner PEC environment that is described by the longer time kinetic component.
[ 
Article No~e00397
Since fluorescence of the ITS monomer is not significant the reaction of any monomer ITS with oxygen is assumed to be diffusion limited and not the rate limiting step of the oxidation process. Literature also suggests a very rapid oxidation of monomeric ITS with low concentrations of oxygen in solution [5, 41] .
Bisulfite is the other negatively charged species in the system and 90 to 95% of the 
Oxidation of ITS with dissolved oxygen is given below: The kinetic analysis outlined above implicitly assumes that variation in the populations of ITS red molecules in the inner and outer environment for a given dilution of a dye solution is negligible over the time frame of the experiments. Diffusion of ITS red between the inner and outer environments undoubtedly occurs on the time scale of the experiments but the kinetic analysis outlined above fits the data well (see below) and there is little indication that diffusion between the environments significantly alters the populations of the ITS red in the inner and outer environments. Diffusion in confined spaces such as the inner complex is quite slow when strong molecular interactions are involved due to the low probability the of a molecule finding a path that is free of the attractive forces [43] .
Polyelectrolytes are known to form very stable complexes with oppositely charged molecules under the right conditions and therefore it is most likely the inner complex tightly binds the ITS red molecules making the rate of diffusion between the inner and outer environments much slower than the oxidation of the ITS red .
[ ( F i g . _ 9 ) T D $ F I G ] The rate constants obtained over the temperature range of 30 to 70°C were used to calculate the Δ ‡ H and Δ ‡ S of the activated complex for the rate limiting step of the reaction using the Eyring equation [44] given below:
where k is the first order rate constant, R in the ideal gas constant, T is the temperature, k B is the Boltzmann constant, and h is Plank's constant. In this case a graph of 1/T verses ln(k/T) yields a slope of −Δ ‡ H/R and an intercept equivalent to Sodium bisulfite can react with certain ketones and aromatic alcohols to add a sulfonic acid or amine [45, 46] . The potential reactions of bisulfite with the alcohol or ketone functionality would destroy the conjugation of the system and result in a dye that displays blue shifted absorbance bands. However, all optical spectroscopy data indicates that the absorption bands of ITS are maintained during the experiments. The oxidized ITS displays the same absorbance maximum at the end of the experiments as it did prior to the addition of bisulfite. Creation of amine functionality under the aqueous environment used in the preparation of dye solutions is unlikely as the reactants, ITS and HSO 3 − , would be favored in this reaction.
Additionally, ITS is the highest sulfonated derivative in the indigo dye family.
Literature president for the existence of a penta sulfonate indigo dye could not be
found. An oxidation reduction reaction between bisulfite and ITS as outline in equations 1 and 2 is the most likely reaction pathway under the experimental conditions and is in agreement with the spectroscopic data. Tables 3, 4 , 5, 6, 7 and 8 show the first order kinetic rate constants for the outer PEC environment for all dye solutions. The correlation coefficients (R 2 ) are given as an assessment of the linearity of the data but not a validation of the first order model. Fits of the data to higher order integer rates or fractional order rate constants did not result in better modeling of the data as determined by chi squared analysis at the 95 percent confidence interval. Apparent first order behavior is expected since the concentration of the bisulfite is 24 to 72 times greater than the concentration of the ITS depending on the dye solution and pseudo first order behavior in the rate of the oxidation of the ITS red is expected. The applicability of the first order model even at dilutions of 1:1000 of the dye solutions indicates that ITS red still exists in the outer environment of the PEC despite the dilutions. However, even at the average value for the first order rate of oxidation of the ITS red at 70°C for the 1:1000 dilution of dye solutions 1-3, 2.7 × 10 −2 s −1 , the half-life is 25.7 s. In free solution, the rate of oxidation of ITS red is essentially diffusion limited and given that the dissolved O 2 concentration is roughly 5 to10 times greater than the total ITS red concentration in the 1:1000 dilution (see Table 2 ) the rate of oxidation is still significantly slower in the outer PEC environment compared to what is expected in free solution [5, 41] .
Kinetic rates for the short time data do not consistently fit the temperature dependent rate model given in equation 7. This is likely due to a greater partitioning of bisulfite to the outer environment as temperature is increased. Partitioning of ITS red between the inner and outer environments increases as the temperature increases (see latter discussion) and it is reasonable to assume that more bisulfite also partitions to the outer PEC environment. Mole ratios of ITS to bisulfite vary from 1:27 to 1:84 across the dye solutions so the local concentration First order rates of dye solutions 3 and 5 at 1:10 dilution with 500 mM NaCl added are shown in Table 8 . The higher ionic strengths of these solutions would be expected to provide more shielding between the PDADMAC and the ITS in the outer environment resulting in very weak electrostatic attraction between the two molecules and less stability in the ITS aggregates in the outer environment. The first order rate constants of dye solution 3 with NaCl added increase as the temperature increases, however, the relative increase in the rate constant decreases as the temperature approaches 70°C. Dye solution 5 shows more complex behavior. Addition of 500 mM NaCl to dye solution 5 at 30°C results in a rate that is roughly 5 times greater than without salt added but increasing the temperature results in a decreased reaction rate. Dye solution 5 contains 50% more HSO 3 − than dye solution 3 and this increased ionic strength of dye solution 5 appears to influence the PEC that is formed.
Results of the short time kinetic analysis give a picture of the outer complex environment where the ITS red is exposed to a more open environment with increasing temperature. However, the outer environment of the complex does not completely break apart even at 70°C and dilutions of 1:1000. This indicates that the columbic interactions between the ITS red and the PDADMAC are significant in Table 8 . Short time kinetic data for dye solution 3 and 5 in a 500 mM NaCl solution. R 2 values are the square of the correlation coefficient for the fit of the kinetic data to the first order model. PECs that were formed in higher ionic strength dye solutions can display decreased reaction rates as the temperature is increased, see Table 8 . Additionally, 1:10 dilutions display significant variance in the kinetic behavior as a function of temperature. This result is counter intuitive, however, the reason for this behavior is likely due to an increase in the number of bisulfite molecules in the outer environment as the temperature is increased. Partitioning coefficients, see latter discussion, show that the concentration of ITS red in the outer environment increases with temperature and higher ionic strength. This is due to the disruption of the inner environment of the PEC. While the spectroscopic studies do not directly detect the concentration of bisulfite in the different environments, it is reasonable to expect that the concentration of bisulfite in the outer environment would also increase as temperature increases. As the mole ratios of the ITS to bisulfite vary from 1:27 to 1:84 for the various dye solutions it is expected that the concentration of bisulfite in the outer environment would be significantly greater than the concentration of the ITS red in the outer environment. Increases in the concentration of bisulfite would cause the measured rates to deviate from the expected behavior with increasing temperature. Deviations would be most pronounced at 1:10 dilutions of the dye solution as the bisulfite concentration in the inner environment is greatest and less pronounced at the 1:500 and 1:1000 dilutions. This is essentially the trend presented in the kinetic data though changes in the PDADMAC concentration complicates the picture as the increased PDADMAC concentration changes the number of binding sites for ITS and bisulfite.
The release of bisulfite from the inner PEC environment would also explain why the rate of ITS red oxidation decreases with increasing temperature at the 1:10 dilution for dye solution 5 with 100 mM NaCl added. This dye solution contains 50% more bisulfite than dye solution 4 so that when the PEC is formed more bisulfite will be sequestered in the inner environment than would occur with dye solution 4. As the system is heated and more bisulfite is released to the outer environment, increasing the concentration of bisulfite in the outer environment and preventing oxygen from reacting with ITS red as rapidly as would be expected. Both dye solutions with NaCl added show the fraction of ITS red in the outer environment to be ∼0.80 at 70°C, see latter discussion, so the concentration of bisulfite in the outer environment would also be expected to be quite high. dilutions is sufficiently high to re-reduce oxidized ITS that has been created in the inner environment. This also explains why the fully concentrated dye solutions change color so slowly, any oxidized ITS will be converted back to reduced ITS due to high concentrations of bisulfite in the inner ITS environment. This observation also supports the hypothesis that the behavior seen in the kinetics of the short time data is influenced by the release of bisulfite from the inner environment as the temperature is increased. A high concentration of bisulfite in the inner environment at the 1:10 dilution would influence the observed rates of reaction for the short time kinetics as more energy is put into the system and a higher fraction of bisulfite occupies the outer environment.
While the higher temperature kinetic data of the 1:10 dye solutions does show the expected decrease in the fluorescence signal, the rate of fluorescence decrease is still likely to be a combination of both the forward reaction, ITS red → ITS ox , and the reverse reaction, ITS ox → ITS red . However, second derivative analysis of the long time kinetic data of the 1:10 dilutions of the dye solutions show a distinct inflection in the latter half of the experiment that corresponds to an increase in the forward rate, ITS red → ITS ox , that is likely due reverse reaction becoming less significant. Modeling the rate of reaction at this accelerated long time rate would therefore yield the best estimate of the reaction rate for temperatures above 40°C. The forward reaction rates at 30 and 40°C for the 1:10 dilution can be estimated from equation 7 by plotting ln(k/T) vs 1/T for the rates at 50, 60, and 70°C and using the best fit slope and intercept to calculate the forward rate of reaction at 30 and 40°C. Kinetic experiments with dilutions greater than 1:10 show no evidence of the back reaction occurring. While some back reaction cannot be ruled out the data shows that the forward reaction, ITS red → ITS ox , dominates for solutions with a greater than 1:10 dilution. Table 12 . Activation parameters for dye solution 1. 120 J/molK, but given the large uncertainty in the value it is unlikely that the positive Δ ‡ S is a valid value.
The average Δ ‡ H value for the long time kinetics is greater by a factor of 2.3 and the Δ ‡ S is reduced by a factor 3.2 relative to the short time data. The inner PEC environment requires significantly more energy to drive the oxidation of ITS red as expected. Additionally, the activated complex in the inner environment is much closer in structure to the ground state reactants than the activated complex for the outer environment. This is result is expected since the inner complex is a more closed structure and would have a higher degree of order than the outer complex. Tables 15 and 16 show the kinetic data for dye solutions 4 and 5 which respectively contain half the amount of sodium bisulfite as inks 1-3 and 50% more of the sodium bisulfite than dye solutions 1-3. Tables 17 and 18 Table 14 . Activation parameters for dye solution 3. Tables 19 and 20 show the first order fits of the 1:10 dilution of dye solutions 3 and 5 in 500 mM NaCl. Activation enthalpies for dye solution 3 and 5 with 500 mM NaCl added are shown in Table 21 . The increased ionic strength for ink 3 reduces the Δ ‡ H value by a factor of 2.1, 143 ± 9 kJ/mol with no salt added and 68 ± 19 kJ/ mol with salt added. This result provides supporting evidence that the ionic Table 16 . Long time kinetic data for dye solution 5. R 2 values are the square of the correlation coefficient for the fit of the kinetic data to the first order model. Data marked with an * represent estimated rates as described in the manuscript. Tables 19 and 20) .
Consistency of the activation parameters indicates that the structure of the polyelectrolyte complex is reasonably similar across the all dye solutions at dilutions of 1:100. This result is reasonable since the ionic strengths of all inks will Table 20 . Long time kinetic data for dye solution 5 in 500 mM NaCl. ΔG°p artitioning = -RTln(K) (10) to yield:
Where K is the partition coefficient, T is the temperature of the system in kelvin, R is the ideal gas constant of 8.314 J/molK, ΔG°p artitioning is the standard Gibbs free energy of partitioning, ΔH°p artitioning is the standard enthalpy of partitioning, and Table 21 . Activation parameters for dye solution 3 and 5 in the presence of 500 mM NaCl. With addition of NaCl to dye solutions 3 and 5, 1:10 dilution, the enthalpy of partitioning increases for both solutions, 77 ± 4 kJmol with NaCl added compared to 61 ± 2 kJ/mol without NaCl for dye solution 3 and 93 ± 7 kJ/mol with NaCl added compared to 60 ± 12 kJ/mol without NaCl added for dye solution 5.
However, the entropy of partitioning also increases, 236 ± 14 J/molK with NaCl added compared to 183± 6 J/molK without NaCl for dye solution 3 and 286 ± 21 J/ molK with NaCl added compared to 178 ± 38 J/molK without NaCl added for dye solution 5. Increase in the entropy of both solutions with NaCl added is expected as more ions would be released to solution with an increase in temperature. Increased partitioning to the outer environment with addition of NaCl ultimately increases the rate of the observed oxidation of the ITS. Even if the outer PEC environment becomes less open as is the case with NaCl added for dye solution 5, the oxidation rate of ITS is still increased in the outer PEC environment relative to the inner PEC environment.
Conclusion
Preparation of dye solutions with ITS red and PDADMAC as outlined in this manuscript result in PECs that are stable from room temperature to 70°C and at dilutions ranging from 1:10 to 1:1000. These PEC complexes stabilize the ITS red and inhibit the oxidation of the ITS red molecule in atmospheric environments. Spectroscopic analysis of the dye solutions show that the ITS red exists in the PEC in an aggregated complex and the concentration of the ITS monomer is not significant under the experimental conditions. Kinetic studies using fluorescence spectroscopy with excitation of the aggregation band at 520 nm show that two distinct kinetic regimes exist for the oxidation of ITS red . These two distinct kinetic domains are likely due to ITS red aggregation in an outer PEC environment leading to relatively rapid oxidation of ITS red and ITS red aggregation in an inner PEC environment leading to slower oxidation of the ITS red . Analysis of the oxidation of the ITS red in PEC environments using Eyring transition state theory shows that the Δ ‡ H is very similar for dye solutions 1 through 3 at dilutions ranging from 1:100 to 1:1000. This indicates that the mechanism for the oxidation of the ITS red is similar for the PEC formed in all three solutions at these dilutions despite the PDADMAC concentration varying by a factor of 3. The Δ ‡ H for dye solution 3 at a 1:10 dilution is greater than the Δ ‡ H for dye solution 1 at a 1:10 dilution with statistical significance. This is likely due to the greater concentration of the PDADMAC in dye solution 3 and greater stabilization of the inner PEC complex in this solution.
Dye solution 3 does display a significant decrease in the Δ ‡ H when the 1:10 dilution is prepared in 100 mM NaCl indicating that the increased ionic strength
forces a more open inner PEC that is not as protective of the ITS red .
Analysis of the kinetic data of the inner PEC when the concentration of bisulfite is reduced by 50% for dye solution 1 yields a Δ ‡ H that is similar to the original dye solution. However, increasing the bisulfite concentration of dye solution 1 by 50% yields a statistically significant reduction in the Δ ‡ H for the solution at a 1:10 dilution indicating the higher ionic strength of the initial dye solution results in a more open PEC complex. The presence of 500 mM NaCl at a 1:10 dilution yields little change in Δ ‡ H for the solution with 50% higher bisulfite concentration indicating that the PEC is not significantly disrupted by the addition of NaCl.
Use of the fluorescence data to estimate the partitioning of ITS red molecules between the inner and outer PEC shows that the partitioning to the outer PEC is entropically driven. While the data is modeled as a partitioning coefficient the mechanism suggested by the data governing the increase of the ITS red in the outer PEC is by the PEC becoming more open as the temperature is increased, this provides a larger concentration of binding sites in an outer type environment for the ITS red to interact with.
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